Introduction
Establishing methods to label biomacromolecules both in vitro and in vivo is of tremendousi nterest. Numerous approaches to mark proteins or glycanso no ri nc ells have been described. [1] [2] [3] [4] Many of these labeling strategies combine enzymatic introduction of ar eactive handle into the biomolecule with subsequent chemical modificationbyasuitable click reaction. [5] Labeling of biomolecules in living cells is considered particularly rewarding because novel imaging techniques allow livecell analysis and provide insights into the dynamic cellular pro-cesses that these biomolecules are involved in. Regarding mRNAs, studying their trafficking and subcellular localization may provide insights into novel regulatory mechanisms. [6] Consequently,w ithin the last years, severala pproaches were introduced and refined to visualize mRNAs in livingc ells. Simple complementary oligonucleotides were used as probes initially, [7] before modified andt hus more stable ones were developed. [8] The introduction of molecular beacons was an important improvement in live-cell RNA imaging, because as ignal is generated upon binding of the probe to its target, which decreases the background signal from unbound probes-one of the main challenges in live-cell labeling. [9, 10] Ad ifferent strategy is based on RNA motifs (like the stem loop from the phage MS2) that bind tightly ands pecifically to natural RNA-binding proteins. TheR NA of interest is extended by several of these motifs and detected by the respective RNAbinding protein fused to af luorescentp rotein. [11, 12] These approaches circumvent delivery problems associated with labeled oligonucleotides as probes andh ave provided valuablei nsights into RNA localization and dynamics in different cell types and even organisms. [11] [12] [13] [14] [15] Fusion of an in vitro selected motif, namely a" turn-on"a ptamer,t ot he RNA of interest was recently realized and may find broad application,b ut still requires to extendt he RNA of interest by an on-naturalt ag. [16, 17] An alternative system based on the RNA-binding protein Pumilio and split-GFP (green fluorescent protein) was established for RNA detection in vitro and in cells. [18] [19] [20] [21] Since Pumilio binds to RNA sequences specifically,t he RNA of interest does not have to be extended by at ag, which is am ajor advantage. The bipartite or tripartite split-GFP becomes fluorescent only upon correctly positioned binding of the Pumilio proteins. [18, 20, 22, 23] Bioorthogonal click reactions are powerful tools to specifically label biomolecules in living cells. Considerable progress has been made in site-specific labeling of proteins and glycansi n complex biological systems, but equivalent methods for mRNAsa re rare. We present ac hemo-enzymatic approach to label the 5' cap of eukaryotic mRNAs using ab ioorthogonal photoclick reaction. Herein, the N7-methylated guanosine of the 5' cap is enzymatically equipped with an allyl group using av ariant of the trimethylguanosine synthase 2f rom Giardia lamblia (GlaTgs2). To elucidate whether the resulting N 2 -modi-fied 5' cap is as uitable dipolarophile for photoclick reactions, we used Kohn-Sham density functional theory (KS-DFT) and calculated the HOMO and LUMO energies of this molecule and nitrile imines.O ur in silico studies suggested that combining enzymatic allylation of the cap with subsequentl abeling in ap hotoclick reaction was feasible. This could be experimentally validated. Our approach generates at urn-on fluorophore site-specifically at the 5' cap and therefore presents an important step towards labeling of eukaryotic mRNAs in abioorthogonal manner.
Beyond methods based on hybridization or binding, covalent modification of biomolecules, including RNA, has received considerable attention. Recent developments in the field of bioorthogonal chemistry have yielded at oolbox of reactions for labeling biomolecules even in complex environments. [2, [24] [25] [26] [27] The premise for these strategies is to equip the biomolecule of choice with an appropriate bioorthogonal group. In the field of RNA, enzymatic modification-particularly using RNA methyltransferases and cosubstrate analogs-has been very successful to selectively furnish RNA with ab ioorthogonal group. In as econd (chemical and ideally bioorthogonal) reaction, ar eporter molecule becomes covalently linked to the modified target RNA. Althoughb ioorthogonal reactions have been successfully used to convert modified RNA in cells, chemo-enzymatic approaches have so far only been used in vitro or in fixed cellst ol abel DNA or RNA. [24, 25, [28] [29] [30] [31] [32] [33] [34] In the frequently used copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), aC u I -activated terminal alkyne reacts with an azide to form at riazol. [35, 36] Although CuAACh as been used successfully to label RNA in vitro as well as in fixed cells, [24, 25, 29, 37] its application inside living cells seems to be limited due to the toxicity of copper(I). [38] Problems arising from coppera re circumvented in the strain-promoted azide-alkyne cycloaddition (SPAAC) of cyclooctynes with azides,w hich form triazoles withoutr equiring ac atalyst. [27, 37] However,a pplication of SPAAC can be compromised in living cells duet oc ross reactivity of cyclooctyne derivatives and cellular thiols. [39] Although azides and alkynes are currently the most widely used bioorthogonal groups, alternatives have been explored, and some of them have attractive characteristics. The inverse-electron-demandD iels-Alder reactionb etween strained alkenes and tetrazines is biocompatible and was used for RNA labeling of chemically or enzymatically synthesized RNA containing appropriate dienophiles. [33, 34] We previously described avariant of trimethylguanosine synthase 2f rom Giardia lamblia (GlaTgs2) with improved activity on analogs of the cosubstrate S-adenosyl-l-methioninet hat can be used to transfer alkene, alkyne, or azido groups to the 5' cap of RNA. [32, 33] We could show that enzymatic introduction of alkene, alkyne, or azido moieties at N 2 gives access to further derivatization of the cap in CuAAC, thiol-ene,o rS PAAC reactions. [30, 31] The yield of the enzymatic step currently depends on the cosubstrate andd ecreases with larger substituents (Scheme 1).
The conversionu sing 5'-[(R/S)(3S)-3-amino-3-carboxypropyl]prop-2-enylsulfonio]-5'-deoxyadenosine (AdoPropen, 2b)a sc osubstrate is particularly efficient, yielding up to 90 %c onver-sion of the cap to P1-adenosine(5')-P3-[N 2 -prop-2-enyl,7-methylguanosine(5')] triphosphate (N 2 -allyl-modified cap 3b). Conversion of 3b in at hiol-ene reactionw as successful in aqueous buffer but not compatible with cellular lysate, which is typically rich in thiols. We were therefore highly interested in establishing ab ioorthogonal reaction that allows us to fluorescently label N 2 -allyl-modified cap 3b.
The 1,3-dipolar cycloaddition of an alkene with an itrile imine (originally described by Huisgen and co-workers [40, 41] ) was recently adapted to fluorescently label proteins in living cells. [1, 42] This photoclick reactioni st riggered by UV light, which generates the reactive nitrile iminei ntermediate from at etrazole. The photoclick reactioncan be temporallya nd spatially controlled, is bioorthogonal, [1, 2] and fluorogenic, because af luorescent pyrazoline cycloadduct is formed from non-fluorescent reactants. Importantly,i tw as possible to find conditions under which the UV light required to start the reaction was not detrimental to the cells. [1, 43] The photoclick reaction could provide av aluable labeling strategy for RNA. Since the allyl group can be efficiently transferred by different methyltransferases, including DNA andR NA methyltransferases, this approachwill be of interest to ab roader community. [30, 44] 
Results and Discussion
In this work we established ac hemo-enzymatic approach to fluorescently label the 5' cap typical of eukaryotic mRNAs using ap hotoclick reaction( Scheme 2). The 5' cap consists of an N7-methylated guanosine which is linked to the next nucleotide by a5 ' -5' triphosphate bridge. It is specifically recognized by trimethylguanosine synthases, which are RNA methyltransferases that transfer one or two additional methyl groups to the exocyclic N 2 . [45] [46] [47] One such enzyme, GlaTgs2, is well characterized and transfers only asingle methyl group. [45, 46] The photoclick reactiond eveloped by Lin and co-workers bears potential to provide N 2 -allyl-modified cap 3b with af luorescent label in ab ioorthogonal manner. [48] This click reaction is at ype I1 ,3-dipolar cycloaddition,i mplicating that reactivity Scheme1.Possible modifications of the mRNA cap catalyzed by the GlaTgs2 variant. The GlaTgs2 variant can transfer several click reactivehandles to the mRNA cap (R 1 = pppA) making it amenable to CuAAC, SPAAC, and thiol-eneclick reactions. The yieldofe nzymaticconversions decreases with increasing size of the transferred moiety (X).
ChemistryOpen 2015, 4,295 -301 www.chemistryopen.org is governed by the energy gap between the HOMO of the dipole (nitrile imine generated from tetrazole)a nd the LUMO of the dipolarophile (N 2 -allylated mRNA cap). [49] Given that the symmetry of the frontier orbitals matches, the reaction of this system can be accelerated either by lowering the LUMO of the dipolarophile [50] or by lifting the HOMO energy of the nitrile imine. [49] For am odel photoclick reaction between 4-penten-1-ol and different tetrazoles, Wang et al. described how altering the HOMO energy of the nitrile imine affected the reactivity for ag iven alkene. [49] To demonstrateb ioorthogonality of the photoclick reaction, proteins werem odified with non-native amino acids bearing the required allylgroup and served as substrates. These amino acids were typically O-allyl-modified (e.g. O-allyltyrosin) or C-allyl-modified (e.g. homoallylglycine, HAG). Althought he wavelength for nitrile imine generation is rather short (l ex = 302 nm), the reaction was successfully performed in living cells. [1, 2] In contrast to these amino acid substrates, the 5' cap bears ap ositive chargei nt he purine ring system due to methylation at N7a nd 1-3 pH-dependent negative charges at the triphosphate. Furthermore, the cap bears an N-allyl group, whereas the substrates reported so far had O-allyl or C-allyl groups. Therefore, it was questionable whether N 2 -derivatized cap structures are suitable dipolarophiles fort he 1,3-dipolar cycloadditions with nitrile imines.
We chose tetrazoles 4 and 5 as nitrile imine precursors. Both 4 and 5 have been used before to fluorescently label alkenebearing proteins-importantly,a lso for live-cell imaging. [1, 2, 49] The nitrile imines generated from theset etrazoles bear different para substituents on the C-aryl ring resulting in different energies of the highest occupied molecular orbitals (HOMOs) (À4.58 eV versus À5.06 eV) that were calculated by Kohn-Sham density functional theory (KS-DFT) using the BP86 functional. [49, [51] [52] [53] [54] [55] [56] [57] Changing the substituent may thus provide am eanst ot une the reactivity of the tetrazole precursor with the dipolarophile 3.
We used KS-DFTt oc alculate the energies and shapes of frontier molecular orbitals of all reactants and to estimate their reactivity.F or the calculations,w eu sed N 2 -allyl-m 7 GTP-H + (8) as representative model substrate for the N 2 -allyl-modified cap 3b,w hich functions as dipolarophile, and the nitrile imines 4a and 5a,r espectively as dipoles( Supplementary Figure1in the Supporting Information).
The HOMO of the nitrile imine 4a and the LUMO + 2o fN 2allyl-m 7 GTP-H + 8 are shown in Figure 1 . They were identified as suitable frontier orbitals because they meet the criteria for symmetry and phases required for the reaction. Althought he frontier MOs (FMOs) chosen for 8 are not the overall HOMO and LUMO of the N 2 -allyl-modified cap, these were selected because they are located at the N 2 -allyl group involved in the reaction.
Orbitals with energies between the LUMO + 2a nd the HOMOÀ15 of 8 were predominantly located on other parts of the molecule and therefore disregarded as FMOs for the photoreaction under study.I ti sa lso plausible that the energetic ordering of the molecular orbitals and, to al esser degree, their shapes (in particulart hose located on the chargedp art of the structure) may be affected by solvente ffects, which are beyondt he scope of this study.
The energies of suitable FMOs of 4a and 8 were À4.58 eV (HOMO of 4a)a nd À2.48 eV (LUMO + 2o f8 ), respectively,r esulting in an energy gap of 2.10 eV (Figure 1) . For ar eactiono f the N 2 -allyl-modified cap with the methoxycarbonyl-substituted tetrazole 5,t he FMOs were calculated in the same manner for the corresponding nitrile imine 5a.A ne nergy gap of 2.58 eV was calculated for the LUMO + 2o f8and the HOMO of 5a (Table 1 ). Our calculations suggest that tetrazoles 4 and 5 are suitable substrates forp hotoclick reactions with N 2 -allylm 7 GpppA (3b)b ecause 1,3-dipolar cycloadditions with FMO Scheme2.Chemo-enzymaticapproach for labeling the 5' cap by the photoclick reaction.a )The capped minimal mRNA m 7 GpppA (1)iss pecifically modified by av ariant of GlaTgs2,w hich introduces the allyl residue from 2b at position N 2 ,w hile the coproduct S-adenosylhomocysteine (SAH)isr eleased.Areaction at 37 8Cfor 180 minyields N 2 -allyl-m 7 GpppA (3b,u pt o9 0%). b) The product 3b together with tetrazole 4 or 5 is irradiated at 254 nm for 5min and left at 4 8Co/n. The 1,3-dipolar cycloaddition reaction yields fluorescentpyrazoline cycloadduct 6 or 7 (yields not determined).
ChemistryOpen 2015, 4,295 -301 www.chemistryopen.org gaps of up to 10 eV have been reported in the literature. [58, 59] The shortcomingso fasingle-particle( MO) picture, solvent effects and the choice of the approximate exchange-correlation functional will have as ignificant effect, so our calculations should be interpreted as giving aq ualitative picture. To illustrate the dependence on the functional, we also carried out calculations with the hybrid functional B3LYP (see Supplementary Table 1i nt he Supporting Information). While the absolute orbitale nergies do change as expected (showing broader HOMO-LUMO gaps for B3LYP compared with BP86), our qualitative conclusions remainu naffected (energy gap to LUMO + 2 of 8 is 3.49 eV for 4a versus 3.93 eV for 5a). Overall, the calculations indicate that the methoxy-substituted tetrazole 4 is ab etter substrate than the methoxycarbonyl-substituted tetrazole 5,b ecause the HOMO of the resulting nitrile imine 4a is higher in energy and thus the energy gap of the FMOs considering 8 as dipolarophile is lower.
Since experiments with the N 2 -allyl-modified cap are costly, we soughtt oe stablish am odel reaction first. Therefore, we also calculated the energy gap for the reaction of our nitrile imines with acrylamide 9.T he resulting energy gaps were 2.35 eV and 2.83 eV forr eaction with 4a and 5a (Table 1) , respectively,a nd thus in the same range as for the N 2 -allyl-modi-fied cap 8,i ndicating that acrylamide can be used as as imple model substrate to establish the photoclick reaction.
We synthesized both 4 and 5 as described by Ito et al. [60] and characterized them using electrospray ionization mass spectrometry (ESI-MS) and 1 HNMR (data in the Supporting Information). Both tetrazoles were then used in photoclick reactions with the model substrate acrylamide as described by Song et al. [2] The fluorescence spectra of the resulting products 10 and 11 showed emission maxima of 460 nm and 525 nm, respectively,w hereas control reactions (withouta crylamide) showed no fluorescence ( Supplementary Figure 2i nt he Supporting Information). Thus, different substituents at the tetrazole ring changed the fluorescence spectra of the resulting pyrazoline products. These data are in accordance with the results described by Lin and co-workers. [61] Since the LUMO energy of 8 is even lower compared with acrylamide (Table 1) , our model reactions suggest that photoclick chemistry with tetrazoles 4 and 5 can be used to label the N 2 -allyl cap.
We next soughtt oa pply the reaction to the allyl-modified cap 3b to establish an ew strategy for bioorthogonal labeling of the 5' cap. For our two-step approach, we first produced N 2allyl-m 7 GpppA (3b)f rom m 7 GpppA (1)b ye nzymatic transfer of an allyl group using the cosubstrate AdoPropen (2b). According to our KS-DFTc alculations, tetrazoles 4 and 5 should be suitable for this purpose. We used ap reviously engineered variant, GlaTgs2-V34A to obtain up to 90 %( 900 mm) N 2 -allylm 7 GpppA (3b)a tacatalystl oading of up to 0.7 mol %. After heatingt he samples and dialysis, the resulting N 2 -allylm 7 GpppA (3b)w as used as substrate in ap hotoclick reaction with tetrazole 4.
After irradiation at 254 nm and incubation at 4 8Co vernight, the reactionm ixture was separated by denaturing 20 %p olyacrylamide gel electrophoresis (PAGE), and in-gel fluorescence was detected by aC asio Exilim 12.5x cameraf or 8supon excitation at 365 nm using ah and-held UV lamp (Figure 2 ). Control reactions in the absence of cap,e nzyme, AdoPropen (2b), or active enzyme were performed.
We observed an ew,c yan-fluorescent band exclusively in the reactiony ielding N 2 -allyl-modified cap 3b (lane 1, Figure 2B ). Controlr eactions lacking one of the required components did not give this band (lanes 2-5 in Figure 2B ). These controls were performed without (active) enzyme, without m 7 GpppA (1), or withoutc osubstrate 2b,r espectively,a nd could not yield 3b.T he new band in lane 1c ould be assigned to the expected pyrazoline product 6 using high-performance liquid chromatrography coupled with electrospray ionization time-of- [a] The calculated energies of molecular orbitalsi nvolved in the photoclick reaction of the dipoles 4a and 5a as well as the dipolarophiles 8 and acrylamide are summarized.
ChemistryOpen 2015, 4,295 -301 www.chemistryopen.org flight mass spectrometry (HPLC-ESI-TOF-MS) (Figure 2A and Supplementary Figure 3i nt he Supporting Information). However,t he reaction and the controlsc ontained an additional fluorescentb and with higher electromobility.T his band was also observed after irradiation of tetrazole alone (lane 5o fS upple-mentaryF igure 4i nt he Supporting Information), and therefore likely originates from side products formed from tetrazole after irradiation. Next, we wanted to test whether the differently substituted tetrazole 5 can also react with 3b in ap hotoclick reaction. Based on our calculations above,t he photoclick reaction should also proceed with tetrazole 5,a lbeit slower,b ecause the HOMO (dipole)-LUMO (dipolarophile) gap is higherc ompared with the reaction of 4 with 3b.O ur experiments confirmed that 3b and 5 can react in ap hotoclick reaction as we observed af luorescent product in the reaction, which was absent in all controls( Supplementary Figure 5i nt he Supporting Information). Interestingly,h igher tetrazole concentrations were required to make the reactionw ork (1.23 mm insteado f 0.62 mm), indicating that the reactivity of the N 2 -allyl-modified cap 3b with 5 is lower-as expected based on our calculations for 8.
We thus demonstrated that the 5' cap can be labeled with at urn-on fluorescent probe by installing an N 2 -allyl moiety and as ubsequent bioorthogonal photoclick reaction. KS-DFT allowed us to calculate the FMO energies and was suitable to predict the reactivities of the participating molecules.
We could show above that increasing the HOMO energy of the nitrile imine by alteringt he para-substituent of the phenyl ring improved the reactiono ft he respective tetrazole precursors with the N 2 -allyl-modified cap 3b.T his was expected because increasing the HOMO energy of the dipole decreases the HOMO (dipole)-LUMO (dipolarophile) gap of the frontier orbitals.
The alternative way to decrease this energy gap would be to lower the energyo ft he LUMO of the dipolarophile, that is, the N 2 -substituted cap. As ac onjugated multiple bond is known to exhibit higher HOMO and lower LUMO energy compared with an unconjugated one, [62] we hypothesized that appending an alkyne to the alkene moiety of the dipolarophile should lower its LUMO, thereby enhancing its reactivity in ap hotoclick reaction.
Calculating the FMO-energies of N 2 -pentenynyl-m 7 GTP-H + (12, structure in Supplementary  Figure 1inthe Supporting Information) we found aL UMO + 1e nergy of only À3.26 eV,c oncomitantw ith an energy gap of only 1.32 eV between the HOMO of 4a and the LUMO of 12.T hese calculations suggest that ap entenynyl-substituted cap may be ab etter substrate for the photoclick reactionw ith 4.W et herefore produced N 2 -pentenynyl-modified m 7 GpppA 3c by enzymatic modification of m 7 GpppA (1)u sing the GlaTgs2 variant and the cosubstrate 5'-[(R/S)(3S)-3-amino-3-carboxypropyl]pent-2-en-4-ynylsulfonio]-5'-deoxyadenosine (AdoEnYn, 2c), as described previously (~25 %y ield). [30] As expected, 3c reactedw ith tetrazole 4 in ap hotoclick reaction to form af luorescent product that could be detected by in-gel fluorescence, although the band is rather faint (Figure 3 ). We presumet he low concentration of modified cap 3c in bioconversions (about 200 mm)t ob et he limiting factor in this case for the photoclick reaction. Ac ontrol reaction was carriedo ut under identicalc onditions, but with denatured enzyme, and did not give an ew fluorescent product (Figure 3 ). These data, together with our calculations, suggest that the expected product 13 was formed, confirming that KS-DFTc alculations are useful to predict reactivity between an itrile imine and am odified cap acting as ad ipolarophile.
Conclusions
We developed an ovel chemo-enzymatic approachf or labeling eukaryotic mRNA 5' caps using photoclick chemistry with ap otential application in livingc ells. To achieve this, we first predicted reactivities of two nitrile imines with the model substrate N 2 -allyl-m 7 GTP-H + (8)byKohn-Sham DFT (KS-DFT) calculations of frontier molecular orbital (FMO) energies. The energy gaps between suitable FMOs wered etermined to be 2.10 eV (for 4a)a nd 2.58 eV (for 5a), respectively when using the BP86 functional, and 3.49 eV (for 4a)a nd 3.93 eV (for 5a), respectively,w hen employing B3LYP.T hese calculations revealed that cycloadditionso ft he N 2 -allylated mRNA cap with both tetrazoles should be possible, but kinetically favored with 4.
To demonstrate the feasibility of mRNA fluorescent labeling by ap hotoclick reaction, we labeled the minimal mRNA m 7 GpppA (1)b ye nzymatic alkenylation and subsequentp hotoinduced 1,3-dipolar cycloaddition with tetrazole 4 in vitro. In this experiment, an ew fluorescentp roduct was observed after separation by PAGE. The formation of the expected pyrazoline 6,w as confirmed by mass spectrometry.C ycloadditionw as also successfully performed with 5,b ut with lower reactivity,a s suggested by KS-DFTcalculations.
Furthermore, we experimentally validated that fluorescent labeling of an mRNA cap bearing ac onjugated triple bond at N 2 is feasible, as predicted by KS-DFT calculations. The yields obtained by allyl-versus pentenynyl-modified 5' caps should not be compared with the calculated differences in energy because multiple factorsc ontribute (e.g. different yields in the enzymatic reactions with the two substrates), and kinetic and thermodynamic effects should be regarded separately.
In summary,w ed emonstrated that fluorescent labeling of the 5' cap-a hallmark of eukaryotic mRNAs-can be achieved by enzymatic alkenylation (or alkynylation) followed by the bioorthogonal photoclick reaction. Furthermore, our resultse mphasize that reactivity of nitrile imines with complex molecules like the N 2 -modified mRNA 5' cap can be correctly predicted by in silico studies. This chemo-enzymatic approachu nites several desirable features for mRNA labeling, like the possibility 1) to generate fluorescent products from non-fluorescent educts, 2) to use light as trigger,a sw ell as 3) to fluorescently label endogenous mRNAs by introducing small groups,t hus minimizing perturbation of the native system. Importantly,p hotoclick chemistry between tetrazoles and terminal alkenes is described as bioorthogonal and has already been successfully applied for labeling of proteins in living cells. [1, 2] The reported approacht hus presentsastep forward regarding applicability in living cells compared with previously reported labeling approaches for the mRNA cap relying on CuAAC, SPAAC, or thiol-ene click reactions. [30, 31] However,w e have only used the minimal cap in the photoclick reaction. Nevertheless, we anticipate that the approach will also work for longer capped RNA,f or example eukaryotic mRNAs. De-pending on the residues attached to the tetrazole reagent, our approachm ay then be used fori solation, buta lso for visualization of mRNAs in the future.F or the long-term perspective of live-cell experiments,n umerous improvements will be required. The yield of the photoclick reaction andt he detection limit will have to be greatly improved to make this reaction applicable to RNA labeling in cells. Ah uman cell is typically1 00-10,000 mm 3 big and contains, on average, approximately 300,000 mRNA molecules. [63] Although mRNAsa re not homogenously distributed in ae ukaryotic cell buta re enriched in foci and bodies,a nd calculated concentrations in ac ompartmented cells should be treated with care, it is clear that the currently used concentrationso f5 'c ap will have to be significantly decreased (200 mm m 7 GpppA (1)y ielding1 80 mm of the N 2 -allyl-m 7 GpppA( 3b), which is the dipolarophile for the photoclick reaction). [45] Nonetheless, the successful fluorescent labeling of the eukaryotic mRNA 5' cap by the bioorthogonal photoclick reaction and the possibility to predict reactivity between cap and nitrile imine in silico provideapromising startingp oint to establish novel strategies for the isolation of eukaryotic mRNAs and their visualization in living cells.
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